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Magnetoelectric effects in the chiral magnet CsCuCl3 have been investigated through the magne-
tization and electric polarization measurements in pulsed high magnetic fields. If the magnetic field
is applied normal to the spin chiral c-axis, a plateau and a jump in magnetization are observed.
Between the plateau and the jump in magnetization, a small but significant electric polarization of
about 0.25 µC/m2 along the a-axis is observed with the field applied almost perpendicular to the
ac-plane. In addition, the paramagnetoelectric effect expected from the point group symmetry is
confirmed. The emergence of the electric polarization is explained by the cooperation of the local
electric polarization on the chiral solitonic spin arrangement and the paramagnetoelectric effect.
Hence, we interpret this novel multiferroic phase in CsCuCl3 as a polar solitonic phase.
PACS numbers: 75.30.-m, 75.30.Kz, 75.85.+t
Various triangular lattice antiferromagnets (TAFM)
have long been studied with the focus on their geometric
frustration from the antiferromagnetic coupling of the
neighboring spins on a triangular lattice [1–3]. Among
the TAFM systems, a hexagonal CsCuCl3 has received
sustained interest because of its distinctive chiral crys-
tal structure and its resultant magnetism under applied
magnetic fields. The S = 1/2 spins of the Cu2+ ions
form ferromagnetically coupled chains along the c-axis
with J0 = 28 K [4]. The chains are antiferromagnetically
coupled and form a triangular lattice in the ab-plane,
leading to a 120◦ spin structure below TN = 10.7 K at
zero field [5]: the coupling strength is estimated to J1 = -
4.9 K [7]. The Curie-Weiss temperature obtained by the
high-temperature magnetic susceptibility is comparable
to TN for the magnetic fields along and perpendicular
to the triangular lattice [1, 6]. One of the most strik-
ing characteristics in CsCuCl3 is that the Cu-chains are
displaced helically in the triangular plane because of the
cooperative Jahn-Teller distortion below 423 K [8]: the
Cu-chains form helices along the c-axis with a six-ion
periodicity [see Fig. 4(b)] [9]. Depending on the chiral-
ity, CsCuCl3 has space group of P6122 or P6522 (i.e.,
point group 622) [10]. The absence of inversion symme-
try makes the Dzyaloshinskii-Moriya (DM) interaction
active: the strength is estimated to D = 5 K [5], which
is comparable with J1. The ferromagnetic (FM) interac-
tion tends to align spin moments, whereas the DM in-
teraction favors perpendicular arrangements of adjacent
spins. The resultant spin configuration for CsCuCl3 is
helical arising from the competition of these interactions
with a period of 11.8c [5].
The singularities of magnetization (M) in CsCuCl3
were first observed by measurements in pulsed-magnetic
fields [11]; these are reexamined in this study (Fig. 1).
With the magnetic field (H) applied along the c-axis, M
shows a jump at 12.5 T and is saturated above 31 T.
This jump in M for H || c-axis was theoretically ex-
plained by taking into account the quantum fluctuation
as a transition from an umbrella structure to a coplanar
one at 12.5 T [12]. In contrast, the effect of transverse
field is more complicated. With an applied H normal to
the c-axis at 1.1 K, M shows a linear H-dependence up
to 10.5 T, then a plateau-like behavior between 10.5 T
and 14.5 T, and finally a monotonic increase up to the
spin saturation fields [11]. To date, three incommensu-
rate phases and a commensurate phase have been deter-
mined below the spin saturation fields through neutron
scattering and thermodynamic measurements [15]. The
magnetic structure is expressed by an incommensurate
magnetic propagation vector (1/3, 1/3, δ), where δ is
0.085 at zero field [5]. The H-dependence of δ has been
well studied [13–16]. With increasing H , δ decreases to
∼0.05 at the beginning of theM -plateau [13]. This region
is referred to as the IC1 phase [15, 17]. In the plateau
region, δ is locked to this value independent of temper-
ature [13, 15]. On further increasing H , δ decreases to
0 [14–16], entering in a commensurate (C) phase. The
spin spirals along the c-axis disappear in C phase. The
field region separating the IC1 and C phases is called
the IC3 phase [15]. Just below TN and an applied H ,
another incommensurate phase (IC2) with non-120◦ spin
structure was discovered [17]. Although there are several
high-field experiments [11, 13–16] and theoretical studies
[18, 19] on the magnetic transitions in fields normal to
the c-axis, all aspects of these fascinating properties have
not yet been revealed.
In addition to the effect of quantum fluctuation in
CsCuCl3, we are interested in the aspect of helical spin-
arrangements. Chiral magnets have recently attracted
much attention because of novel electronic properties
arising from their novel spin textures. Interestingly, they
2can be finely controlled by applying a magnetic field.
For example, a metallic chiral magnet CrNb3S6 shows
a fascinating chiral soliton lattice [20]. CrNb3S6 has
space group P6322, which has the same point group as
CsCuCl3, and the chirality of the Cr-chains allows a DM
interaction with the D-vector pointing to the chain. Sim-
ilar to CsCuCl3, the interlayer Cr-ions are coupled via the
FM interaction. IfH is applied normal to the helical axis,
H tunes very precisely the periodicity of the soliton lat-
tices, L up to an H aligning ferromagnetically the entire
spins [20]. The interlayer magnetoresistance along the
helical axis is also well explained by the H-dependence
of the soliton density, specifically, proportional to L−1
[21]. CsCuCl3 with a similar easy-plane magnetic struc-
ture is also expected to form a chiral soliton lattice in the
transverse magnetic fields. Moreover, the incommensu-
rate index δ of CsCuCl3 may be regarded as the soliton
density. The δ(H)-curve above the plateau [14–16] is also
reminiscent of the H-dependence of the soliton density,
as observed in CrNb3S6 [20].
In contrast to metallic systems, the insulating CsCuCl3
may show novel magnetoelectric properties as indicated
by the following expectations. The magnetoelectric re-
sponse corresponding to the second-order term in the
magnetic field is non-zero for point group 622 of CsCuCl3
[22], e.g., the electric polarization (P ) along the a-axis
Pa is proportional to Hb∗Hc, where b
∗ is defined as the
normal to the ac-plane. This paramagnetoelectric ef-
fect emerges without spin ordering. In addition, spin
order reduces symmetry and may promote ferroelectric-
ity, caused by the spin texture. Previously, we observed
a small P perpendicular to the H-direction along the tri-
angular plane just above the magnetization plateau [23].
In addition, the transition fields and P strongly depend
on the H angle. Moreover, the sign of P changes with the
H-direction crossing the b∗-axis, and P vanishes when H
is precisely applied along the b∗-axis. To reveal the emer-
gence of the electric polarization, we investigate more de-
tails of multiferroic properties of CsCuCl3 for the trans-
verse field effect for which the magnetic fields are almost
normal to the chiral c-axis.
Single crystals of CsCuCl3 are prepared by dissolving
stoichiometric amounts of CsCl and CuCl2·H2O in wa-
ter, and the solution evaporates slowly. The crystal axes
are determined by the Laue diffraction method. The ac-
curacy of the crystallographic orientation is estimated to
within about 1◦ by measuring rocking curves. Pulsed
magnetic fields are applied up to 56 T, using the non-
destructive pulsed-magnets with typical durations of ∼
4 ms or ∼ 8 ms installed at the International MegaGauss
Science Laboratory of Institute for Solid State Physics
at The University of Tokyo. The profiles of the pulsed
magnetic fields for the former one are shown in Fig. 2(a).
Magnetization was measured by the conventional induc-
tion method, using coaxial pick-up coils. Changes in P
as a function of H were estimated by numerically inte-
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FIG. 1. (color online)(a) Magnetic fields (H) dependence of
magnetization (M) for H parallel to the a, b∗, and c-axes
at 1.4 K. Data are offset by 0.2 µB/f.u. for clarify. The in-
set shows an enlarged view of the M(H)-curves for H || b∗,
corresponding to the rectangle in the main panel. (b) M(H)-
curves at various temperatures (left axis) and dM/dH-curve
at 1.4 K (right axis) with increasing fields for H || b∗. The
arrow heads indicate the phase transition fields, which are de-
termined by the inflection points or peaks of dM/dH-curves.
The M(H)-curves are offset by 0.1 µB/f.u. for clarify.
grating the polarization current [25].
Figure 1(a) represents M as a function of H applied
along the a, b∗, and c-axes at T=1.4 K. A jump at 12.6 T
forH || c and a plateau between 9 and 14 T forH || a and
b∗ are observed, which are in good agreement with the
previous report [11]. The M(H)-curves are quite similar
for in-plane applied fields, specifically along the a- and
b∗-axes. In addition, for these H-directions a jump in M
at around 16 T is observed, which is clearly seen as a
sharp peak in dM/dH [Fig. 1 (b)]. A small H-hysteresis
is observed in the inset of Fig. 1 (b), indicating a first-
order phase transition. At this field, the spin modulation
wavenumber δ becomes zero, and therefore the spin spi-
ral disappears [14, 15]. Note that the upper bound field
of the plateau, where δ starts decreasing, corresponds to
the phase boundary between the paraelectric and ferro-
electric phases, to be discussed later. Figure 1(b) repre-
sents the M(H)-curves at various T s. As indicated by
the arrow heads, the plateau region expands as a func-
tion of temperature, and the jump is shifted to higher H .
These results are summarized as a Hb∗ -T phase diagram
together with the P (H) results in Fig. 4(a). Hereafter,
we shall focus on the magnetoelectric effect.
From Fig. 2, Pa is induced between about 14 and 16 T
for H applied along the b∗. To clarify the ferroelec-
tric properties, we investigated the magnetic and elec-
tric fields effect on Pa. Figure 2(a) shows typical time-
profiles of the bipolar pulsed magnetic fields and polar-
ization current normalized by the measuring area of ap-
3P
a
 
(
m
C
/
m
2
)
201510
m
0
H (T)
d
P
a
/
d
H
 
(
m
C
/
m
2
T
)
(c)
0.1
0.5
+170 kV/m
E
a
 = 0 kV/m
-170 kV/m
T = 1.5 K 
CsCuCl
3
-40
-20
0
20
40
m
0
H
 
(
T
)
543210
time (ms)
-20
-10
0
10
20
J
 
(
m
A
/
m
2
)
(a)
T = 1.5 K 
H || b
*
 J || a 
-20
-10
0
10
20
m
0
H
 
(
T
)
0.60.40.20
time (ms)
-20
-10
0
10
20
J
 
(
m
A
/
m
2
)
(b)
FIG. 2. (color online) (a) Magnetic-field polarity dependence
of the polarization currents normalized by the measuring area,
J , of Pa of CsCuCl3 at 1.5 K as a function of time with the
positive (solid line) and negative (dashed line) H profiles. The
thick and thin lines are H (left axis) and J (right axis), re-
spectively. (b) Expanded view of (a). (c) H dependence of Pa
of CsCuCl3 with poling electric fields Ea = 0 and ±170 kV/m
applied along the a-axis. For clarify, the data with increasing
magnetic fields are only shown. The solid and dotted lines are
Pa (left axis) and H derivative of P (right axis), respectively.
proximately 6 mm2, J . Some peaks in J are clearly vis-
ible. In Fig. 2(b), sharp positive and negative peaks are
observed at around 0.35 ms (13.9 T) and 0.4 ms (16 T),
and do not change sign on changing the H-polarity. This
is clear evidence that the observed peaks in J at these
Hs arise from the H-induced P . In contrast, the extrin-
sic signal caused by inductive noise from rapid evolution
of H is also seen at the beginning of a pulsed magnetic
field, which changes its sign with the H-polarity. This
is removed by averaging J for the positive and negative
H . As shown in Fig. 2(c), the poling electric fields along
the a-axis do not affect P , that is the magnitude and
sign of Pa. These results indicate that the small induced
P∼0.25 µC/m2 observed in CsCuCl3 is intrinsic and is
not diminished by cancellations among the ferroelectric
domains with degenerate spin configurations. Because
Pa vanishes for H applied precisely along b
∗ [23], the ob-
served finite Pa indicates a misalignment of H from the
b∗-axis. Figure 3(a) represents the temperature variation
of the Pa(Hb∗)-curves. At 1.5 K, Pa is induced between
13.9 and 16 T. On warming, the amplitude of P decreases
with widening of the H-region for finite P . In approach-
ing TN, this tendency is more pronounced. Within our
experimental accuracy, P disappears above 9.3 K.
Figure 4(a) is the magnetoelectric phase diagram for
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FIG. 3. (color online) (a) H-dependence of Pa with H || b
∗ at
various temperatures for H-increasing processes. The data
are offset by 0.1 µC/m2 for clarify. (b) Pa(H)-curves for
the H-angle θ ∼ -39◦ and ∼ 36◦ in the paramagnetic region
T = 50 K. θ is the tilting angle from the b∗- to the c-axis.
The H-increasing processes are drawn for clarify. (c) Pa(H)-
curves with increasing H for θ = 36◦ at various temperatures.
A curve for T= 4.2 K and θ =-39◦ is also plotted (broken line).
the H∗b -T plane. In addition to the previous phase di-
agram [15], we unambiguously put a multiferroic (MF)
phase in the IC3 from our M and P measurements. The
MF phase is located between the upper bound H of the
M -plateau and H entering the C phase. The change in
the IC vector δ(H) from constant to decreasing just above
the M -plateau may play an important role in inducing
the macroscopic P (discussed below).
To reveal the further magnetoelectric properties of
CsCuCl3, we investigated the paramagnetoelectric ef-
fect. In accordance with group theory analysis, the point
group of CsCuCl3 (622) dictates non-zero components for
Pa (P
∗
b ) for H
∗
bHc (HaHc) [22]. To apply the magnetic
fields along both the b∗- and c-axis directions, the sample
used for Pa(Hb∗) measurements was tilted θ from the b
∗-
to c-axis. As clearly seen in Fig. 3(b), Pa at 50 K well
above TN varies as a function of H and angle θ. Pa shows
nearly symmetric H-variations for θ∼36◦ and ∼−39◦,
which is clear evidence of the paramagnetoelectric effect.
Crossing θ = 0 (H || b∗), the H-component with respect
to the c-axis changes polarity, and thus reversing Pa. The
change in Pa(H) is comparable to that in the MF phase
[Fig. 3(a)]. Figure 3(c) gives Pa(H)-curves for θ ∼ 36
◦
at various temperatures. The Pa(H) strongly varies with
T . At 1.5 K, a sharp kink and a broad peak anomaly ap-
pear around 10 T and 15.3 T, respectively. At H ∼28 T,
the P (H)-curve shows a kink and changes its curvature.
4The anomalies disappear above TN. While the origin
of the anomalies are unclear, it seems to correspond to
the H-induced magnetic phase transition. The anomaly
for θ ∼-39◦ also shows a sign change. Surprisingly, the
change in the curvature still remains above TN. At 15 K,
for example, Pa shows a minimum around 40 T. This is
not expected simply from the paramagnetoelectric effect
because it is only pertinent to the crystalline structure
symmetry. It may reflect the singularity of quantum fluc-
tuation and/or short range spin correlation in CsCuCl3.
The magnetic contribution of optical birefringence was
reported to show a broad maximum at about 32 K [4].
This behavior is reproduced by taking into account the
effect of short-range spin correlations arising from inter-
chain interactions. From this study, Pa(H) changes to
monotonic H-variation above 35 K [Fig. 3(c)], but we
have no clear explanations at present. Further experi-
mental investigation is required that provides more pre-
cise θ- and T -dependences and clearer theoretical inter-
pretation.
Recently, a similar M(H)-curve to that of CsCuCl3
was reported in another S = 1/2 easy-plane TLAF,
Ba3CoSb2O9 [26]. In contrast to CsCuCl3, the interlayer
coupling of Ba3CoSb2O9 is antiferromagnetic. With in-
creasing in-plane field, a small jump in M was observed
above a 1/3-plateau of the saturated M . The jump is
well reproduced with a model that includes a small an-
tiferromagnetic coupling between the layers [27]. The
anomaly in M corresponds to a first-order transition
between the different stacking coplanar spin configura-
tions. For CsCuCl3, the neighboring interchain spins
are canted because of the competition between the FM
and DM interactions. Here, let us discuss whether the
electric polarization can arise from the spin order in the
triangular layer based on the spin-current model: P =∑
j ~eij×(
~Si×~Sj), where the two spins ~Si(j) are connected
with a unit vector ~eij [24]. For CsCuCl3, the magnetic
Cu-ions lie on the triangular lattice. If the spin order
can be represented by fixed vectors on three sub-lattices,
the local P cancels out, i.e.,
∑3
j=1 ~eABi × (
~SA × ~SBj ) =
(~SA × ~SB) × (
∑3
j=1 ~eABi) = 0 in Fig. 4(c), regardless of
the direction of the spin vectors. In other words, we can-
not distinguish the in-plane magnetic structure through
the P measurements. Hereafter, we shall focus on the
interlayer spin-arrangement.
Let us recall the characteristics of the crystal structure
of CsCuCl3 again. A chiral Cu-chain viewed from the c-
axis is drawn in Fig. 4(b). Cu-ions are displaced helically
with six-ion periodicity. The unit vector connecting the
resultant between the adjacent Cu-ions, ~eij , is not paral-
lel to the c-axis. As shown in Fig. 4(d), the in-plane com-
ponent ~eabij is finite and is perpendicular to the
~Si × ~Sj .
This configuration allows a local finite P between the
neighboring magnetic-ions. This differs strikingly when
compared with the proper-screw-type magnetic structure
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FIG. 4. (color online) (a) Magnetoelectric phase diagram of
CsCuCl3 in the Hb∗ -T plane. Solid circles (triangles) denote
the transition fields determined by the M -H (Pa-H) curves.
Solid squares and open circles are taken from [15, 23]. See the
text for details of each phase. (b) The Cu-chain viewed from
the c-axis. The solid lines connecting the adjacent Cu-ions
correspond to the ~eij . The small circle indicates the c-axis of
unit cell. (c) Triangular lattice consists of three-sublattices,
sites A, B, and C. Arrows indicates ~eABi , where i = 1, 2,
and 3. (d) Schematic of the nearest interlayer two Cu-ions.
Arrows denote ~eij(= ~e
ab
ij + ~e
c
ij) and ~Si(j). The thick arrow
indicates the direction of ~Si × ~Sj .
in a straight chain, where the ~Si × ~Sj is parallel to ~eij ,
and hence for the spin-current model, the macroscopic
polarization vanishes. Even in the helical crystal, the
summation of the local P in the unit cell vanishes as
long as the spin rotates uniformly. This is the reason
why no macroscopic P is observed in the IC1 phase.
With increasing H , higher harmonics appear in the
spin modulation [15, 16]. In this situation, the total P
in the crystallographic unit cell does not necessarily can-
cel out. The period of spin modulation is determined by
the competition between the FM and DM interactions
together with quantum fluctuations up to the plateau
region in the IC3 phase. If the period of the spin mod-
ulation is incommensurate with that of the lattice, the
total P over the entire chain will cancel out again. We
assume this is the reason why we do not observe finite P
in the plateau region.
5With further increasing H , spin modulation period
rapidly increases [14, 15]. According to the classical theo-
retical calculation [18], the spin modulation becomes sig-
nificantly anharmonic in this field region so that it can
be regarded as a soliton lattice in the long period limit.
As mentioned above, the spin-current model predicts the
emergence of local P at the soliton. Because the dis-
tance between adjacent solitons is large, we expect that
the location of the soliton in the Cu-chain can be easily
modified by the external perturbation. If this pertur-
bation aligns with the local P by changing the position
of the solitons along the chains, experimentally we will
observe a macroscopic P .
Although we cannot uniquely determine the origin at
moment, we can discuss the role of paramagnetoelectric
effect on symmetry breaking. As shown in Figs. 3(b) and
(c), the superposition of finite Hc and Hb∗ determines a
preferable direction for Pa through the paramagnetoelec-
tric effect, and hence, can align the local P . Our previous
field-angle dependence of J measurements also support
this scenario. The sign change in J with the field di-
rection crossing the b∗-axis is clearly observed [23]. Im-
portantly, J is not induced if H is applied exactly along
the b∗-axis. This fact indicates that the local P for the
soliton is not forced to align with H applied parallel to
the ab∗-plane, in agreement with our interpretation, i.e.,
the paramagnetoelectric effect determines the P direc-
tion. The observation of Pa for H || b
∗ [Figs. 2 and 3(a)]
is due to the small misalignment of the H-direction from
the b∗-axis. The tiny induced P is also consistent with
the small S and eabij , and the weak paramagnetoelectric
effect. Therefore, we interpret this novel MF phase in
CsCuCl3 as the polar solitonic phase.
In conclusion, we have studied the magnetization and
electric polarization of a chiral triangular lattice anti-
ferromagnet CsCuCl3 in pulsed magnetic fields. For
transverse magnetic fields, a tiny macroscopic electric
polarization is induced from just above the magnetiza-
tion plateau to the commensurate transition field, if the
period of the incommensurate spin modulation is suffi-
ciently lengthened. These multiferroic properties are rea-
sonably explained by assuming the polar soliton lattice
state in this chiral magnet. Finding a magnetoelectric
effect in other chiral insulating magnets with larger spins
will be of interest.
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